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AN APPARATUS AND METHOD FOR AUTOMATED 
BIOMONITORING OF WATER QUALITY 

10 This application claims the benefit of U.S. Provisional Application No. 60/041,533, filed 17 
March 1997. 

GOVERNMENT LICENSE RIGHTS 
The U.S. Government has a paid-up license in this invention and the right in limited 
circumstances to require the patent owner to license others on reasonable terms as 
1 5 provided for by the terms of contract No. DAMD1 7-93-C-3006 awarded by the U.S. Army. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates generally to an apparatus and method for monitoring water 
20 quality. More particularly, the present invention relates to an apparatus and method for 
monitoring water quality using the ventilatory behavior and body movement of aquatic 
organisms. 
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2. Description of the Related Art 

Ven.fla.ory responses are often some of me firs, prefer symptoms „ ^ 

.o environmental stressors. Continued, abnorma, ventilatory behavior, such as rapid 
shallow, or erratic breathing, can indicate physiologic*, Pamage that may be irreversibie. 
S Changes in the ventilatory behavior offish have been shown to be a reiiable indicator of 
accidental toxic spills or "slugs" of pollutents in wastewater and drinking water systems. 
Accordingly, ventilatory biomonfloring systems can serve as an early indicator of 
impending damage to aquatic ecosystems and possible harm to humans. 

o The technological means are readily available to log and display ventilatory signals for 
subsequent analysis. As a result, there are a considerable number of studies that have 
examined ventilatory behavior of fish and other aquatic organisms. A large number of 
substances a. lethal levels have been shown to elicit ventilator responses relatively 
quickly. For many pollutants, a significant response was often generated in less than one 
hour of exposure to concentrations approaching the 96-hour LC50 (the concentration at 
which fifty percent of the organisms expire within 96 hour, of exposure). Studies performed 
using subacutely toxic samp.es of effluents or individual po.lu.ants (concentrations well 
below the reported LCSO concentration) often documented responses within one to ten 
hours of exposure. 

Aithough a variety of organisms have been examined for this purt»se, inclutfng crayfish, 
equate insect larvae, and bivalves, most research in aquatic ventilatory behavior has used 
freshwater fish species. This is largely because fish are generally more ecologically 
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'V.s,ble" in their importance in aquatic systems and many species (particular* the 
sa/mo** and can,™, have large opercubr flaps ^ ^ ^ 
signals for measurement and evaluation. 

The ventilatory parameters in fish that have been shown to be affected by toxicity include 
ventilatory,™ (opercular movemem over time,, depth of ventilation (amplitude), coughing 
or gill purge rate, and erratic episode frequency due to sudden movement of the organism. 
Most commonly, changes in just ventilatory rate, as opposed to the other parameters jus. 
mentioned, have been used as a bioindicator of toxic conditions. The depth of ventilation 
and giil purge or cough rate, however, have been reported to be more sensitive indicators 
of toxicity for some compounds. 

Changes in ventilatory rate are often determined by manual examination of the peaks per 
unit area on a strip-chart recording. Depth of ventilation or signal amplitude is similarly 
measured from top to bottom of the waveform on the strip chart. Cough rate has been more 
difficult to determine even with manual examination of a strip chart as several different 
types of coughs may be present, with its own characteristic waveform pattern. Also, without 
the use of simultaneous video techniques, the actual occurrence of a cough is not always 
clear. 
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SUMMARY OF THE INVENTION 
Accordingly, one object of the present invention is to provide an apparatus for automated 
biomonitoring of water quality. 

5 Another object of the present invention is to inolude beheviorel parameters such as the 
depth of ventilation, cough rate, and whole body movement of an aquatic organism in 
addition to ventilatory frequency data in the automated biomonitoring of water quality. 

A related object of the present invention is to further include water quality characteristics 
■ 0 such as dissolved oxygen. pH. temperature, and conductivKy in the biomonitoring of water 
quality. 

Another object of the present invention is to provide improved waveform processing of data 
signals from aquatic organisms to reduce spurious data signals. 



15 



Another object of the present invention is to provide an array of biornonitor exposure 
chambers with an integral water delivery and drain system for improved ventilatory signal 
data collection and biornonitor operation. 

20 Another object of the present invention is to provide a programmable alarm response that 
includes automated water sampling and optional remedial action such as isolation of the 
water pollution source. 
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These and other advantages will be apparent from the following description. 

According to one aspect of the preferred invention, an apparatus for monitoring and 
evaluating water quality includes an exposure chamber for housing an aquatic organism 

5 and containing water to be monitored, and electrodes for sensing electrical signals 
generated by the organism during ventilatory behavior and body movement in the water 
being monitored. Electrical signals picked up by the electrodes are supplied to an 
automatic controller, which determines a plurality of ventilatory and body movement 
parameters based on the signals from the electrodes. The controller compares the 

) parameters with corresponding thresholds to determine when the water to which the 
organism is exposed has caused physiological stress to the organism. 

The controller may determine a wide variety of ventilatory and body movement parameters. 
In a preferred embodiment, the controller determines at least the ventilatory frequency, the 
average ventilatory depth, and the cough rate of the organism. 

The system may further include various devices operative in response to a determination 
of a water quality problem by the controller. For example, it may include an alarm 
mechanism, which generates an alarm, a sample device which collects samples of the 
water being monitored for subsequent analysis, or a diverting mechanism for diverting the 
water being monitored to a storage tank and preventing the vuater from being discharged 
into the environment. 



WO 98/41862 



PCT/US98/04870 



6 

According to another aspect of the present invention, a method of evaluating water quality 
comprises measuring e.ectrica, signals generated by an aquatic organism disposed in 
water to be monitored, determining a plurality of ventilatory and body movement 
parameters of the organism based on the signals, and comparing the parameters with 
5 corresponding thresholds to determine when the water to w*ich the organism is exposed 
has caused physiological stress to the organism. 

The monitoring and determination of ventilatory and body movement parameters of an 
aquatic organism by an automated controller as taught in the present invention provides 
5 for continuous, around-the^lock monitoring of water quality with fast signal processing and 
good reproducibility of results, which are otherwise not possible with manual methods of 
biomonitoring. The present invention uses a plurality of ventilatory and body movement 
parameters to provide greater detection sensitivity and accuracy over systems using a 
one-parameter analysis, and the present invention is readily integrated with effluent control 
systems for wastewater treatment plants, factories, and other possible sources of 
pollutants. The invention also may be used to monitor and evaluate the quality of a body 
of water such as a lake or stream, or the inlet to a potable water treatment facility, 
providing a detection capability of inadvertent or intentional toxic contamination of the 
water source. Such contamination could otherwise go undetected without the present 
invention until human health is effected and traced to the source of contaminated drinking 
water. In addition, the exposure chamber of the present invention provides improved 
biomonitoring of aquatic organisms with a top-bottom electrode arrangement, uniform 
mixing of the water prior to organism exposure, and reduced water stratification within the 
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chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. t Is a schematic of an embodiment of an automated biomonitoring system according 
to the present invention. 

FIG. 2 is a representative signal sample illustrating ventilatory signal analysis in 
accordance with this invention. 

FIG. 3 is a flowchart illustrating a process for distinguishing between coughs, whole body 
movement, changes in ventilatory rate, and other behavior to determine when an alarm 
state occurs. 

FIG. 4 is a perspective view of an exposure tank which can be used in the present 
invention. 

FIG. 5 is a schematic of an internal carrier board which can be used in the present 
invention for integration with a standard microprocessor. 

FIG. 6 is a schematic of a termination panel used as an interface between a 
microprocessor and other components of the present invention. 
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DESCRIPTION OF PREFERRED EMBODIMENTS 
FIG. 1 illustrates an embodiment of an automated biomonitoring system 10 In accordance 
with the present invention. An inlet stream of sample water flows from source 12 to water 
meter 14 where the inlet water stream is divided into three outlet streams 16-18. The 
source water 12 to be monitored and analyzed by the present invention may be any source 
of water. Water to be monitored includes, but is not limited to, naturally occurring water 
sources such as lakes, rivers, streams, and harbors, and other natural bodies of water. 
The water source 12 to be monitored may also come from a source of drinking water as 
it is supplied to the inlet of a potable water treatment facility, or source 12 may be taken 
from a possible pollution source such as the discharged from a facility for treating 
wastewater or groundwater before the water is discharged from the treatment facility. As 
illustrated in the following discussion, system 10 provides a general-purpose automated 
biomonitoring system for use in monitoring the water quality of any source of water, and 
is readily integrated with other control systems or data monitoring devices. 

Returning to FIG. 1 , water from source 12 flows to one or more exposure chambers 20 
each containing one or more fish 22 via stream 16. Fish physiological signals are captured 
by electrodes 24-26, and transmitted to amplifier 26 where the electrical signals are filtered 
and amplified Although only one channel corresponding to one fish is illustrated here, the 
system may include any number of channels. For example, the preferred embodiment 
contains four exposure chambers, each having eight fish compartments, and a 32-channel 
amplifier for simultaneous monitoring of up to thirty-two fish. In this way, one group offish 
can be exposed to water sampling source 12 while another fish group is exposed to control 
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water, such as a sewer treatment plant, an industrial plant, or factory for providing the 
same type of automated early warning and corrective action as described above. The 
present invention also may be used to monitor a body of water, such as a lake, bay, river, 
or stream, including a source of drinking water, for changes in water quality. When used 
to monitor the inlet to a potable water treatment facility, for example, system 10 provides 
an automated early warning of an inadvertent or intentional contamination of the potable 
water supply that may otherwise go unnoticed until human heath effects are detected and 
traced to the source of contaminated drinking water. This application would use the same 
basic acclimation, baseline, and monitoring procedures as described in the above example 
with the same basic system components. An alarm signal in response to an identification 
of contaminated water by controller 30, can be provided to the appropriate health officials 
upon immediate detection of a possible danger. 

Having provided a general description of components and operation of the present 
invention, attention is now turned to a detailed description of the signal processing steps 
performed by the system 10 to measure and analyze aquatic organism response. As 
mentioned above, the key physiological stress indicators used in the present invention are 
ventilatory rate 32, cough rate 34, average depth 36, and percent whole body movement 
38. The following discussion defines the terms and mathematical operations used in this 
analysis. 

Turning to FIG. 2 and FIG. 3, a representative signal sample and flowchart are illustrated ' 
to describe the ventilatory signal analysis performed by controller 30 in accordance with 
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the present invention. In the following example, a twelve-bit analog-to-digital converter is 
used to convert the analog minus-ten to plus-ten volt signal from amplifier 26 to a digital 
0 to 4095 integer value. The number of bits, analog scale, and digital scale used, however, 
may be varied as desired while still performing the following analysis in accordance with 
5 the present invention. 

As illustrated in FIG. 2, a ventilatory signal includes a series of peaks 101 -107 and troughs 
108-109. Time is illustrated from left to right, with the most recent signal appearing on the 
far right of FIG. 2 near trough 109. Peak parameters used in this level one analysis include 

10 total duration, rear duration, peak-to-peak duration, apex, rear height, minimum height, and 
maximum height. A peak is defined as a signal maximum point (apex) where the difference 
between the value of the signal at the peak and the value of the signal at the immediately 
preceding or following trough is greater than a specified threshold 110. Step S301 in FIG. 
3A begins signal monitoring for the next peak. The peak picking threshold 1 10 is generally 

15 never less than ten as measured on the 0 to 4095 integer scale, but may be adjusted 
upward based upon the mean maximum peak height xjaar for the previous print interval 
as described below. Step S302 determines whether the maximum height is greater than 
or equal to 10, and step S304 determines whether the same value is greater than or equal 
to ten percent of x_bar. If both conditions S302 and S304 are met, then the value is 

20 identified as a peak. If either one of these conditions is not met, or if both conditions are 
not met, then monitoring for the next peak is continued in step S303. In this way, low 
amplitude signals 111, which do not exceed the minimum threshold 1 1 0 are not labeled 
as peaks. 
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The mean maximum height used in step S304 is based upon data obtained in the previous 
print interval A print interval is defined as a specified number of contiguous sample blocks 
that are analyzed and presented together in the present invention, while a sample block 
5 is defined as the ventilatory signal versus time, as illustrated in FIG. 2, over a specified 
duration. The print interval is normally set to fifteen minutes with sample block duration of 
fifteen seconds, but other values may be selected based upon user preference. The mean 
maximum height for the sample block is used in some cases, while the mean maximum 
height for the print interval is used in others. The following discussion specifies which 
10 value of x_bar is being used for a particular step in the process of FIG. 3. 

Returning to FIG. 2, troughs such as 108 and 109 are defined as a signal minimum point 
between peaks. Total duration 1 12 is the time between consecutive troughs, whereas rear 
duration 1 13 is the time between a peak and the preceding trough. Rear height 1 14 is the 
1 5 difference in the absolute value of amplitude between peak value and the preceding trough 
value. Forward height 1 1 5 is the difference between peak value and the succeeding trough 
value. The minimum peak height is defined as the lesser of the rear height and forward 
height values, while the maximum peak height is defined as the greater of the two values. 

20 Step S305 determines if the number of peaks in a sample block is greater than a specified 
whole body movement threshold, generally taken as forty-eight peaks. Again, another 
value may be selected for the whole body movement threshold based upon user 
preference. If the condition of step S305 is true, then step S306 classifies the entire 
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sample block as whole body movement as opposed to ventilatory behavior. If the number 
of peaks in a sample block is less than the whole body movement threshold, then 
processing continues in step S307. At this point of signal analysis, the ventilatory 
frequency could be calculated as the number of opercular peaks thus identified in steps 

5 S304 and S305 divided by the print interval time In minutes. The present invention, 
however, goes beyond this first level analysis to analyze for high frequency coughs and 
spike coughs. As discussed in the steps below, the signal is smoothed after identifying 
high frequency coughs and before determining ventilatory frequency. This provides for 
improved data analysis in determining ventilatory parameters. In addition, the locations of 

1 o the high frequency cough peaks are tagged so as not to double count these HFC-identified 
peaks as spike coughs. 

Step S307 identifies high frequency coughs in a level two analysis as follows. If either the 
total duration or the peak-to-peak duration is less than the high frequency cough duration 

15 limit, then the peak is identified as a high frequency cough provided that the peaks in a 
peak-to-peak evaluation or the troughs in a trough-to-trough evaluation are outside of the 
noise band limits. Step 307 then determines whether the number of high frequency coughs 
is greater than or equal to the threshold for whole body movement. If so. the entire sample 
block is considered whole body movement as opposed to high frequency coughs or other 

20 ventilatory behavior. A time of 0. 1 93 seconds has been used as the high frequency cough 
duration limit in step S307. Integer values 2108 for peaks and 1 988 for troughs have been 
used as the initial noise band limits. After the first print interval, the mean maximum height 
for the print interval x_bar is calculated, and the noise band is adjusted by setting the 
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upper limit equal to the corresponding integer equivalent of x_bar multiplied by 0.15, and 
the lower limit equal to the corresponding integer equivalent of xjbar multiplied by -0.15. 
These new noise limits are used in subsequent step S307 analyses for high frequency 
coughs. Again, the initial and adjusted noise level bands may be specified differently 
5 based upon user preference. 

Step S308 smoothes the signal sample to remove the high frequency coughs from the data 
for subsequent analysis, and tags the locations of the high frequency cough peaks so as 
not to double count these HFC -peaks as spike coughs. The smoothing function is 
performed using a standard curve-smoothing algorithm, such as a low-pass digital filter, 
while the tagging is performed with a simple binary array of true/false data. The algorithm 
selected for the smoothing function should remove the high frequency coughs while 
preserving the remaining ventilatory data for further analysis. Step S308 provides 
improved data analysis in steps S309-S31 1 by removing the high frequency coughs from 
the sample data having been already analyzed for high frequency coughs in step S307. 
The resulting data are more amenable to opercular movement analysis and spike cough 
determination with the HFC peaks removed. 

Step S309 performs an opercular movement analysis as follows. The ratio of the standard 
20 deviation of all maximum heights to mean maximum height of the sample block x_bar is 
calculated and compared with the opercular peak threshold, which is generally taken as 
0.15. If less than the threshold, then all non-HFC peaks in the sample block are 
considered opercular movements. If the ratio is greater than or equal to the threshold, then 
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the number of peaks with a total duration less than the whole body movement limit of 0.36 
seconds is determined. If this number of peaks is greater than the whole body movement 
threshold of six peaks, then the sample block is considered whole body movement. If not, 
then the number of peaks with a maximum height greater than or equal to fifty percent of 
5 the sample block mean maximum height x_bar is the number of opercular movements. 
Once again, other values for peak threshold, whole body duration, and the like may be 
specified for use in step S309 depending on user preference. 

Step S310 performs a spike cough analysis on the non-HFC peaks as follows. A given 
10 peak is considered a spike cough when the following four conditions are met. First, the 
number of opercular peaks in the sample block is greater than or equal to the spike cough 
threshold, which is generally taken as seven peaks. Second, the peak value is greater than 
1 .3 times the mean maximum height x_bar for the sample block. Third, the peak value is 
greater than 1.3 times the previous peak. Fourth, the peak value is greater than 1.25 times 
1 5 the first or second following peak. Again, these threshold factors may be altered from the 
above values depending on user preference. 

Having performed the higher level analysis of steps S307-S310, ventilatory parameters are 
then calculated as follows. Step S31 1 calculates the ventilatory rate, cough rate, average 
20 depth, and percent whole body movement. Ventilatory rate (VR) is calculated in step S31 1 
as the number of opercular peaks during a given print interval, divided by the time in 
minutes of the print interval. Cough rate (CR) is calculated as the sum of the high 
frequency coughs and spike coughs divided by the print interval time in minutes. Average 
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depth (AD) is calculated as the mean maximum height of all opercular movement peaks 
during a print interval. This is the same value as mean maximum height of the print interval 
x_bar used in the above analysis. Percent whole body movement (PM) is the number of 
sample blocks in the print interval less the number of non-opercular movement blocks in 
5 the print interval divided by the total number of sample blocks in the print interval. This 
value may be multiplied by 100 and expressed as a percentage. Step S312 records the 
values of VR t CR, AD, and PM, as calculated in step S311 for subsequent use, while step 
S313 continues monitoring of the ventilatory signal. 

10 Turnings to FIG. 3B, further signal processing steps and functions performed by system 
10 are illustrated. Step S314 calculates baseline statistics for use in determining when an 
out-of-control situation has occurred and when an alarm response is to be initiated by the 
system. The mean value and standard deviation for each of the parameters VR, CR, and 
AD, are calculated and stored in this step, and a Chi-square analysis is performed on 

1 5 percent whole body movement. An optional regression adjustment as described below may 
be performed in step 314 as well to adjust ventilatory parameters for changes in dissolve 
oxygen level and water temperature. 

Step S314 may be performed over an extended period of time in which the fish 22 are 
20 exposed only to control water 27 in the absence of any contaminants or impurities that may 
be present in the source water 12 to be monitored. In this way, fish behavior may be 
characterized under q clean water conditions for use in subsequent comparisons with the 
behavior of the same fish under exposure conditions. Step S314 also may be used to 
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calculate moving averages for VR, CR, and AD. These data can be used to characterize 
changes in ventilatory behavior for either exposure or control fish, or both, over time. 

Whole body movement (PM) is handled differently than the ventilatory parameters VR, CR, 
5 and AD as follows. When the level of whole body movement PM is greater than or equal 
to a value of twenty for at least fifty percent of the print interval, the corresponding fish is 
removed from the system and the data from that particular fish are not used in determining 
baseline statistics. The reason for tnis action is that significant amounts of ventilatory data 
are lost when whole body movement is so extensive, which could result in poor ventilatory 
10 parameter determination if the limited data were used in the subsequent analysis. 

Step S314 also performs an optional regression adjustment on environmental variables 
as follows. Let Ti, Di denote the water temperature and dissolved oxygen levels 
respectively, at time i during the baseline study. LetTm. Dm denote the baseline average 
1 5 levels of these variables. If the regression option is exercised, the regression model: 

Xi - BO + B1 Ti + B2 Di for i = 1, 2, . . . N 

is fitted by ordinary least squares where BO, B1, and B2 are the estimated regression 
coefficients used to adjust the test period responses to the levels Tm, Dm; and Xi is the 
20 measured ventilatory parameter at time i with corresponding water temperature Ti and 
dissolve oxygen level Di. The resulting regression coefficients are useful in applications 
of system 10 where there are significant changes in the dissolve oxygen level or 
temperature of the water being monitored. The same regression adjustment as illustrated 
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here could be performed using other environmental variables such as pH and conductivity. 

Step S315 performs signal monitoring and processing as described in steps S301-S313 
of FIG. 3A, in which ventilatory parameters are characterized and quantified. Step S316 

5 determines when an individual fish is out-of-control or beyond a predetermined threshold 
behavioral limit. If either VR or AD or CR is outside of a specified number of standard 
deviations from the baseline data provided by step S314, then the fish behavior is 
classified as out-of-control. The threshold used in step S316 may be determined based 
upon real-time control fish behavior as well as baseline statistics. In this way. the 

10 ventilatory parameters can be compared with either previously collected data from the 
baseline study of the same fish that are now exposed to the water being monitored, or with 
simultaneous data from control fish that are not exposed to the sample water source, or 
both baseline data and control fish data. 

15 Step S317 determines whether there is a group response. If the number of fish 
characterized as out-of-control in step S3 16 is greater than or equal to a specified 
threshold, then a group response is identified and processing continues to step S319. If 
not, then monitoring is continued in step S318. The fish out-of-control threshold used in 
step S317, like the number of standard deviations used in step S314, will vary according 

20 to user preference as to the level of sensitivity desired for a particular application of the 
invention. A threshold of five standard deviations and seventy percent of the fish out-of- 
control have been used with successful results at the groundwater discharge treatment 
facility application described above. Specific values for a given application, however, may 
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be selected after observing fish behavior during acclimation and baseline studies. 
Appropriate values will vary with local water conditions, the sensitivity of the organisms 
used for biomonitoring, and the desired sensitivity of the system. For example, where 
system 10 is used to monitor the status of a normally pristine water reservoir, the desired 
5 sensitivity to changes in fish ventilatory parameters would be high. One may, under such 
circumstances, select a threshold of one standard deviation from the mean ventilatory 
parameters and a fish out-of-control setting of twenty-five percent as the desired 
thresholds used for this particular application of system 10. If two out of eight fish, for 
example, are out-of-control. the system 10 would initiated an alarm response. 

10 

In step S319 a group response has been identified and an alarm response, step S320, is 
initiated. Step S320 may be a simple audible or visual alarm or a more elaborate 
automated response function. For example, step S320 can be used to warn personnel at 
a treatment facility or factory from which the sample water is drawn of a possible problem 
1 5 in water quality. Also, the discharge of water can be stopped or diverted into holding tanks 
automatically by step S320 in reply to a group response determination in step S319 until 
further analysis, corrective action, or both are taken. 

Step S321 determines if control fish are out-of-control using the same criteria as used in 
20 steps S31 6-S31 7 for exposure fish. If these control fish also indicate a group response, 
monitoring is continued in step S322. Step S323 takes and stores a water sample from 
the same water source as that which caused the group response. This step also can be 
used to initiate further remedial action not taken in step S320. Step S324 then continues 
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monitoring of fish ventilatory behavior. y 

Having provided a detailed description of the signal processing performed by the present 
invention, attention is now turned to the various hardware components. 

5 

The process of steps S301 through S324 described above may be performed on various 
types of controllers 30. The preferred embodiment uses a standard personal computer 
(microprocessor) to perform this function for ease of programming, versatility, and overall 
friendly user interface. For example, the user selected parameters discussed above (group 

10 response threshold, whole body movement threshold, sample interval duration, and the 
like) are conveniently presented in a screen menu with a standard PC, the operation of 
which is generally well known without special training in how to use the controller. In this 
particular embodiment, a 120MHZ personal computer with 16 MB of RAM is used for both 
controller 30 and remote host 44. The interface between controller 30 and the other system 

15 components is described below with reference to FIG, 5. 

i 

Amplifier 26 may be any device capable of amplifying the signals from electrodes 24-25. 
In the present embodiment it is a multiple channel amplifier with a low-pass analog filter. 
It receives the raw input signals from electrodes 24-25 of exposure chamber 20, amplifies 
20 the signals, filters out high frequency signals beyond a certain frequency, then transmits 
the filtered and amplified analog signals to controller 30 via signal cables 28-29. In this 
particular embodiment a 32-channel, rack mounted amplifier system from Dataforth, Inc. 
was selected for this function. It provides amplification by a factor of 1000, and filters out 
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high frequency signals beyond 50Hz so as to remove noise produced by the 60Hz power 
supply. The commercially available amplifier 26 was modified with the addition of two 470- 
microfarad electrolytic capacitors to the front end of the amplifier system to eliminate D.C. 
offset created by exposure chamber 20. 

5 

Turning to FIG. 4, a perspective view of exposure chamber 20 for housing fish 22 is 
illustrated. Exposure chamber 20 provides a compact and convenient array of eight 
individual fish chambers 66, each with top electrode 24, bottom electrode 25, water input 
prenchamber 64, and drain post-chamber 68. Electrodes 24-25 and wiring connections are 

10 preferably made from corrosion resistant material such as 316 stainless steel. Exposure 
chamber top 62 includes waterproof electrical plug 72, which is connected to each of the 
top electrodes 24. When placed on top of base 60, top 62 covers fish chamber 65 and 
drain post-chamber 68 leaving water input pre-chamber 64 open to receive a water inlet 
supply. The walls of fish chamber 66 preferably reduce or prevent visual contact between 

15 adjoining chambers. For example, the walls may be frosted or opaque plastic as opposed 
to the clear plastic used for the remainder of base 60 and top 62. This helps to reduce fish 
stimuli that would otherwise occur with visual contact between fish in adjacent 
compartments. Clear plastic is preferred for the top and bottom to allow the chamber 
contents to be viewed from above or below. 

20 

Base 60 includes a waterproof electrical plug 74, which is electrically connected to each 
of the bottom electrodes 25. Base 60 further includes legs 70 and drain 76. When in use 
with the present invention, water flows into exposure chamber 20 through water inlet 
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chambers 64 where it enters fish chambers 66 through holes 80. Water flows out of fish 
chambers 66 by flowing over overflow dividers 78 and into drain chamber 68. This flow 
path from low inlet to high outlet provides increased water mixing and reduced stratification 
within fish chamber 66 to ensure that all fish 22 are exposed to the same water conditions 
5 and water quality. After leaving fish chamber 66, water flows into drain post-chamber 68, 
which serves as a common reservoir for drain water from all eight fish chambers 66. Water 
flows out of post-chamber 68 via drain 76. 

In addition to providing inlet water mixing and reduced stratification within fish chamber 66, 
exposure chamber 20 provides a compact and convenient array of eight f ish chambers that 
can be installed, removed, and inspected with minimal effort. The top-bottom electrode 
arrangement of chamber 20 provides for improved detection of ventilatory responses as 
compared to a front-back arrangement. Normally a fish in such a tank will orientate its 
head upstream towards the front panel of the tank, but will occasionally change its position 
and orientation in the tank. A front-back electrode arrangement can cause signal alteration 
due to changes in fish position and orientation relative to the electrodes, but a top-bottom 
arrangement is much less affected by such changes. 

While a preferred embodiment of an exposure chamber 20 has been described and 
20 illustrated, various modifications and variations are possible. For example, the number of 
individual fish chambers 66 per exposure chamber 62 could vary and the pre-chamber 64 
and post-chamber 68 could be modified while stiii providing uniform mixing of the water 
prior to organism exposure, and reduced water stratification within the chamber as taught 
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above. 

Turning to FIG, 5, a schematic of an internal carrier board 200 is illustrated for integrating 
the present invention with a standard PC as controller 30. Carrier board 200 is a data 
5 acquisition board that interfaces directly with the internal bus of ISA and EISA computers, 
end may be plugged directly into a PC motherboard to provide integration of controller 30 
with other components of system 10. Carrier board 200 includes expander/sequencer 
module 202, output module 203, and input module 204. 

10 The ventilatory signals from amplifier 26 are provided as analog input data to module 202 
via signal cables 28-29. These analog ventilatory signals are provided to input module 204 
via a daisy chain (internal bus) between modules 202 and 204. Input module 204 receives 
analog ventilatory signals from module 202, amplifies the signals by a factor of ten and 
performs an analog-to-digital conversion of the data signals, which are then read by 

15 controller 30 and analyzed as described above. These ventilatory data signals also are 
written by controller 30 to output module 203, which performs a digital-to-analog 
conversion, and transmits the resulting ventilatory signals to termination panel 48 via cable 
214. The analog ventilatory data signals at terminal panel 46 may be viewed on 
oscilloscope SB, which is connected to termination panel 48 via cable 216. 

20 

Module 204 may also receive analog input signals from termination panel 48 via cable 212. 
This feature is used to provide controller 30 with information from an external source such 
as a water treatment facility. For example, when the facility is discharging effluent water, 
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a signal may be sent from the treatment facility control room to system 10 indicating that 
a discharge has occurred. This information would be provided to controller 30 via 
termination panel 48, cable 212, and input module 204. The analog signals received by 
input module 204 are converted to digital form and transferred to controller 30. 

5 

Internal carrier 200 further includes a digital output port 205 to send digital control signals 
to termination panel 48 via cable 217. Digital output port 205 is used in this example 
embodiment to control solenoid valve 52, water sampler 54, and control signal 58 as 
described with reference to FIG. 6 below. 

10 

The internal carrier board 200 may itself be, or may be assembled from, off-the-self 
components. In this particular embodiment, internal carrier board 200 is a model PCI- 
20041 C-2A. Module 202 is an analog expander/sequencer option module, model PCI- 
20031M-1. Output module 203 is a 12-bit analog output module, model PCI-20003M-2. 
15 And input module 204 is a 12-bit analog input module, model PCI-20002M-1, ail of which 
are commercially available from Intelligent Instrumentation, Inc. 

Turning to FIG. 6, a schematic of a termination panel 48 is illustrated. Termination panel 
48 includes signal module 210 and control module 220. Signal module 210 receives 
20 analog input from module 203 of internal carrier 200 via cable 214. Module 210 includes 
analog input terminal strip 213 and analog output terminal strip 215. Channel 0 and 1 of 
output terminal 214 are used in this illustration to provide an analog voltage signal to 
oscilloscope 56 via cable 216. Channel 0 of input terminal 213 receives signal 218 from 



WO 98/41862 PCT/US98/04870 



29 

an external source indicating, for example, that a wastewater or effluent discharge Is taking 
place. Additional terminals for further input data and output functions are provided for 
expansion as may be desired for a particular application of the invention. More information 
from a water treatment facility, for example, may be provided and analyzed by controller 
5 30 via the unused channels available on input terminal 213. Similarly, additional output 
information could be provided to remote sites, monitoring stations, and the like using the 
unused channels of output terminal 215. 

The function of terminal panel 48 may be divided among a number of separate devices, 
1 0 perhaps even eliminating the need for this particular component of system 1 0. It is used 
in this embodiment to separate power supply 222 and other component wiring from 
controller 30 and amplifier 26, thus avoiding possible signal noise that could result from 
a clustering of components. 

1 5 Termination panel 48 also includes control module 220 for controlling certain component 
functions based upon a digital signal from controller 30. Control signals are received from 
controller 30 via digital output module 205 and cable 217. A 120-volt AC power supply 222 
is provided to module 220 for use in opening or closing water control valves, sounding 
alarms, and similar functions. In this embodiment, module 220 provides output control of 

20 solenoid valve controller 52, water sampler 54. and control signal 58. Solenoid valve 
controller 52, in response to a signal from controller 10 via termination panel 48, provides 
water to sensor 40 for sensing water characteristics from either source 12 via stream 17 
or control water source 27. In this way, sensor 40 can be calibrated automatically by 
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controller 30 using the known water characteristics of control water source 27. Sensor 40 
is a commercially available water quality analyzer such as the H20 multiprobe available 
from by Hydrolab, Inc. 

5 Control signal 58 may be used to energize a simple audible alarm and lamp to warn of a 
water quality problem, or it may be a previously established response procedure to 
automatically isolate or correct the cause of the problem. The latter is accomplished for a 
given application of the invention with the assistance of local facility engineers using 
standard equipment and procedures. For example, corrective action at a particular water 

10 treatment facility may call for additional holding time in a reaction vessel, aeration pond, 
or the like before the water is discharged to the environment. In the case where system 10 
is used to monitor a source 12 of drinking water before it enters a potable water system, 
automated corrective action may call for immediate isolation of water source 12 to prevent 
it from entering the potable water system until the water quality problem has been 

15 resolved. As illustrated in the above discussion, system 10 provides a general-purpose 
automated biomonitoring system for use in monitoring the water quali ty of any source of 
water, and is readily integrated with other control svstems or data monitorina devices. 
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We claim: 

1 . An apparatus for monitoring and evaluating water quality using ventilatory behavior 
and body movement of an aquatic organism, comprising: 

an exposure chamber for housing an aquatic organism; 
5 an electrode for sensing and quantifying ventilatory behavior and body movement 

of the aquatic organism into data and outputting the data as a behavioral signal; and 

a controller for receiving the behavioral signal and determining a plurality of 
ventilatory parameters based on the behavioral signal and further determining when one 
or more of the parameters exceed a threshold. 

10 

2. An apparatus as recited in claim 1 including an alarm responsive to the controller for 
generating an alarm when the controller determines that one or more of the ventilatory 
parameters has exceeded a threshold. 

15 3. An apparatus as recited in claim 1 wherein the controller determines ventilatory 
frequency, average ventilatory depth, and cough rate of the organism based on the 
behavioral signal. 

4. An apparatus as recited in claim 3 wherein the controller outputs an alarm signal when 
20 one of the ventilatory frequency, average ventilatory depth, and the cough rate of the 

organism exceeds a corresponding threshold. 

5. An apparatus as recited in claim 1 including a water quality sensor for sensing a 
characteristic of water supplied to the exposure chamber, wherein the controller is 
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responsive to the water quality sensor for comparing the water characteristic with the 
corresponding behavioral signal to determine when a change in one or more of the 
ventilatory parameters occurred at the approximate time that a change in water 
characteristic occurred. 

5 

6. An apparatus as recited in claim 5 wherein the water characteristic includes dissolve 
oxygen level and temperature. 

7. An apparatus as recited in claim 1 including a water sampler responsive to the 
10 controller for automatically sampling water supplied to the exposure chamber for 

subsequent analysis. 

8. An apparatus as recited in claim 1 wherein the exposure chamber is supplied with 
water to be discharged into the environment, including means for directing the water into 

15 a holding tank when the controller determines that one or more of the ventilatory 
parameters exceed a threshold. 

9. An apparatus as recited in claim 1 wherein the exposure chamber is supplied with 
water from a potable water source, including an alarm responsive to the controller for 

20 generating an alarm when the controller determines that one or more of the ventilatory 
parameters has exceeded a threshold. 



10. An apparatus as recited in claim 1 wherein the controller comprises a microprocessor. 
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11. An apparatus as recited in claim 1 wherein the exposure chamber includes a plurality 
of compartments, each of which can house an aquatic organism. 

5 12. An apparatus as recited in claim 1 wherein the aquatic organism is a fish. 

13, A method of evaluating water quality comprising: 

measuring electrical signals generated by a first aquatic organism disposed in water 

to be evaluated; 

1 o determining a plurality of ventilatory parameters of the first aquatic organism based 

on the electrical signals; and 

monitoring changes in the ventilatory parameters of the first aquatic organism over 

time. 

15 14. a method as recited in claim 1 3 further comprising the step of determining a plurality 
of ventilatory parameters of a second aquatic organism disposed In control water while the 
first organism is disposed in the water to be evaluated, and comparing the ventilatory 
parameters of the first aquatic organism with the corresponding ventilatory parameters of 
the second aquatic organism. 

20 

1 5. A method as recited in claim 13 further comprising the step of generating an alarm 
wnen one or more of the ventilatory parameters exceeds a corresponding threshold. 
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16. A method as recited in claim 1 3 wherein the ventilatory parameter determination step 
includes determining ventilatory frequency, average ventilatory depth, and cough rate of 
the first aquatic organism. 

5 17. A method as recited in claim 16 further comprising the steps of analyzing for high 
frequency coughs and spike coughs. 

1 8. A method as recited in claim 17 further comprising the step of smoothing the electrical 
signals generated by the first aquatic organism to remove high frequency coughs after 

10 analyzing for high frequency coughs and before determining ventilatory frequency, 
average ventilatory depth, and cough rate of the first aquatic organism. 

19. A method as recited in claim 13 further comprising the steps of placing the first 
aquatic organism in control water, calculating baseline ventilatory parameters of the first 

IS aquatic organism, then placing the first aquatic organism in the water to be evaluated. 

20. A method as recited in claim 13 further comprising the step of sampling the water to 
be evaluated when an alarm is generated. 

20 21. A method as recited in claim 13 wherein determining the ventilatory parameters 
includes the steps of identifying whole body movement. 
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22. An exposure chamber for housing a plurality of aquatic organisms, comprising: 

a plurality offish chambers having top and bottom electrodes wherein each fish 
chamber may house an aquatic organism; 
5 a pre-chamber in contact with the plurality offish chambers for receiving inlet water 

and providing the inlet water to the plurality offish chambers; and 

a post-chamber in contact with the plurality of fish chambers for disposing of outlet 
water from the plurality of fish chambers. 

1 0 23. An exposure chamber as recited in claim 22 wherein the plurality of fish chambers 
includes opaque walls between adjacent fish chambers for reducing fish stimuli. 

24. An exposure chamber as recited in claim 22 further including water inlet holes 
disposed in the wall formed between the pre-chamber and the plurality of fish chambers, 
15 and overflow dividers disposed in the wall formed between the post-chamber and the 
plurality offish chambers for providing water mixing and flow through the plurality offish 
chambers. 



20 



25. An exposure chamber as recited in claim 22, including a first electric plug connected 
to each top electrode and a second electric plug connected to each bottom electrode. 
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